Ni/Au is an alloy combination that while, immiscible in the bulk, exhibits a rich array of surface geometries that may offer improved catalytic properties. It has been demonstrated that the addition of small amounts of Au to Ni tempers its reactivity and reduces coking during the steam reforming of methane. Herein, we report the first successful preparation of dilute Ni-Au alloys (up to 0.04 ML) in which small amounts of Ni are deposited on, and alloyed into, Au (111) using physical vapor deposition. We find that the surface structure can be tuned during deposition via control of the substrate temperature. By adjusting the surface temperature in the 300 K to 650 K range, we are able to produce first Ni islands, then mixtures of Ni islands and NiAu surface alloys, and finally, when above 550 K, predominantly island-free Ni-Au single atom alloys (SAAs). Low-Temperature Scanning Tunneling Microscopy (STM) combined with Density Functional Theory calculations confirm that the Ni-Au SAAs formed at high temperature correspond to Ni atoms exchanged with surface Au atoms. Ni-Au SAAs form preferentially at the elbow regions of the Au(111) herringbone reconstruction, but at high coverage also appear over the whole surface. To investigate the adsorption properties of Ni-Au SAAs, we studied the adsorption and desorption of CO using STM which allowed us to determine at which atomic sites the CO adsorbs on these heterogeneous alloys. We find that small amounts of Ni in the form of single atoms increases the reactivity of the substrate by creating single Ni sites in the Au surface to which CO binds significantly more strongly than Au.
Introduction
Due to weak substrate-adsorbate interactions, Au-based catalysts exhibit high selectivity for a range of hydrogenation and oxidation reactions under low-temperature conditions. [1] [2] [3] [4] [5] [6] [7] [8] [9] Such catalysts however tend to have low activity due to gold's full d-band. 10 It has been demonstrated that activity can be improved by using Au nanoparticles that alter the electronic properties and reduce surface atom coordination. 1 An alternative chemical strategy however is to alloy a more reactive transition metal into the Au surface. Ni may be an ideal candidate as its negative mixing enthalpy in the surface region of Au and high surface free energy drives both lateral surface dispersion and diffusion into the bulk. [11] [12] [13] [14] The metal's demonstrated catalytic utility -Ni is one of the most widely used industrial catalysts -makes it further appealing to be investigated at the ultra-dilute limit. Ni supported on alumina or magnesium oxide, for example, is the current standard catalyst in steam reforming of methane. [15] [16] [17] [18] This major industrial process produces synthesis gas, which in turn fuels other large-scale reactions including Fischer-Tropsch synthesis and methanol synthesis. [16] [17] Single Atom Alloys (SAAs), isolated reactive metal adatoms dispersed in the surface layer of a more inert host metal, have generated significant interest as catalysts in recent years. Numerous studies so far have demonstrated the capability of SAAs to catalyze hydrogenations, [19] [20] [21] [22] dehydrogenations, 23 oxidations, [24] [25] hydrogenolysis 26 and coupling reactions. 27 While Cu is a catalytically inert metal for example, Pd-Cu SAAs can enable the facile activation of H 2 , spillover of hydrogen atoms onto Cu and subsequent hydrogenation of styrene and acetylene. 28 A recent study revealed a direct link between single crystal and nanoparticle catalysts of Pt-Cu SAAs which show high activity and selectivity for butadiene hydrogenation to butenes, demonstrating transferability from the model study to the catalytic reaction under practical conditions. 29 Using the opposite approach, Besenbacher et al. found that adding small amounts of Au to Ni(111) tempered surface reactivity and reduced catalyst coking and transferred this result to a real catalyst. [30] [31] In the current work, we have alloyed small amounts of Ni into Au(111) to produce SAAs and demonstrated their potential for increasing the binding strength of adsorbates using CO as a probe molecule.
As the thermodynamically-favored facet of Au nanoparticles, Au(111) is the most commonly studied model surface. Although the Ni-Au system has been studied for several decades, previous work focused on the epitaxy and properties of Ni islands Au(111) rather than
Ni-Au SAAs. Periodic density functional theory calculations were performed using the Vienna ab initio Simulation Package (VASP) version 5.3.3. [35] [36] A plane-wave kinetic energy cutoff of 400 eV is used for the valence electron expansion and the core electrons are accounted for using projector augmented wave potentials. Methfessel-Paxton smearing is used with a smearing width of 0.1 eV.
The exchange-correlation functional used is the non-local OptB86b-vdW [37] [38] functional, which is a revised version of the van der Waals density functional of Dion et al. 39 Lattice self-consistent at each ionic step up to a tolerance of 10 -7 eV. All calculations are spin-polarized.
Results and Discussion
Figure 1a observed the formation of depressions at the elbows that they attributed to substitution of Ni into the surface. 32 The STM image shown in Figure 1b of Au(111) after deposition of ~0.004 ML Ni at 300 K reveals atomic sized depressions at the elbows (see white arrows) and bright features that have been previously identified as Ni islands at elbows (see blue arrows). [11] [12] Despite our slightly lower surface temperature during alloying, we also attribute the depressions in Figure 1b to Ni-Au exchange given the high Ni surface free energy relative to Au. These depressions act as nucleation sites during alloying, trapping Ni atoms to form islands at elbows and occasionally on soliton walls (see blue arrows). STM images of Au(111) after deposition of ~0.004 ML Ni at 350 K and 450 K are displayed in Figures 1c and 1d . At these higher temperatures, a higher concentration of Ni depressions is observed. Close inspection however reveals that most of these features are apparently larger than the depressions showed in Figure 1b and include small clusters in the centers (see yellow arrows), which we interpret to be small Ni clusters at the nucleation stage. 32 At higher temperature, Ni has higher diffusion rates both into the bulk and across the surface, increasing the probability of exchanging with surface Au atoms but also reducing the probability of trapping and accumulation at nucleation sites.
When the substrate temperature during deposition is raised above 500 K (Figure 1e-h concentration. We attribute this phenomenon to either the Ostwald ripening effect or more likely the fact that islands initially formed act as nucleation points for subsequently deposited Ni atoms. 42 Comparing the surfaces formed at 450 K and 500 K, this effect becomes clear, with much fewer and much larger islands, at the higher temperature (Figure 2d ). Cullen and First similarly observed large islands after annealing Ni on Au(111) at 500 K. They however identified them as Au islands owing to their observation of a Au herringbone reconstruction on top of the islands. 11 We observe no such long-range ordering on our islands and thus propose they contain both Ni and Au, as suggested in previous reports.
11 -12 Ni/Au(111) surfaces formed by deposition of ~0.02 ML Ni at 500 K, 550 K and 600 K ( Given that the surface free energy of Ni is higher than Au at high enough temperature Ni diffuses towards the bulk of Au. Since Ni has a smaller atomic radius than Au, subsurface Ni should introduce expansive strain in the surface. The effect of that strain on the local Au electron density of states can be detected by STM. The subsurface substitution of Pd into Au, for example, produces characteristic three-lobed depressions in STM images. 43 To examine the atomic structure of the dilute Ni-Au alloys in greater detail, we therefore acquired additional highresolution STM images. Figure 3a shows a large-area STM image of the Au (111) To interpret these observations, we used DFT to simulate STM images of Ni alloyed into the first and second surface layers of the unreconstructed fcc Au(111) supercell. We used the Tersoff-Hamann model which states that the tunneling current between the surface and the STM tip is proportional to the local density of states (LDOS) integrated over the bias range to the Fermi level. 44 The STM tip was approximated as an infinitesimal point source and the bias was set to 0.1 eV above the Fermi level. Integration over the LDOS was set to be constant by varying the distance of the point tip above the surface; a constant value for LDOS integration corresponds to constant current density (1×10 -4 eV·Å -3 ). We mapped the tip height above the surface onto a 2D grayscale plot, giving the images shown in Figure 3e and f. The scanning conditions used in the simulation of Figure 3e and f are similar to those used to record the STM images in Figure 3c and d. In Figure 3e , Ni appears as slightly depressed atom, a single small protrusion in the plane of the Au(111)-(1×1) structure, in agreement with our experimental images. These findings suggest that predominately Ni-Au SAAs are generated from the deposition of Ni onto Au(111) above 500 K and that each depression imaged in STM corresponds to a single substitutional Ni atom in the first surface layer. On the contrary, the DFT simulated images show that regardless of STM imaging parameters subsurface Ni always produces triangular features (e.g. Figure 3f ), which are not generally observed in the experimental STM images. Even so, the subsurface Ni should not be excluded as it is more favorable energetically than the surface Ni (~0.41 eV, according to our DFT calculations). While their occurrence is rare we cannot rule out the formation of some larger ensembles at the lower temperatures ~500 K, however, deposition ≥ 550 K produces predominately Ni-Au SAAs.
Overall, our results demonstrate that Ni-Au SAAs can be produced reliably on Au (111) by tuning the substrate temperature. The minimum temperature to form island-free SAA surfaces The maximum coverage of Ni-Au SAAs we observed was ~0.04 ML (e.g. Figure   2h ) and alloying more Ni into the surface altered the herringbone reconstruction of Au(111). We used CO to probe the binding strength of Ni-Au SAAs. CO has a weak interaction with Au but bonds strongly to Ni, making it an ideal probe molecule. [45] [46] The reactivity of Ni Annealing to 100 K completely desorbs the CO molecules, leaving only the clean Au (111) herringbone reconstruction (Figure 4b) . In rare cases, a CO monomer from background adsorption appears as a bright protrusion surrounded by a dark halo (Figure 4c , white arrows). 49 To study the interaction of CO with Ni-Au SAAs, we deposited ~0.02 ML Ni on Au(111) at 550 K to create a SAA. We then examined the substrate after exposure to ~0.05 L CO (Figure 4d ), and after annealing to 100 K ( Figure 4e ) and 220 K (Figure 4f ). Before annealing, we again observe a 'blurry' image of the system due to the presence of CO. Despite the presence of Ni, this is expected because the surface remains predominantly Au. In contrast to the bare Au(111) surface however, a significant population of CO remains on the surface after a 100 K anneal (see blue arrows). The location of the remaining CO molecules correspond to the locations of Ni-Au SAAs prior to CO exposure, indicating that the CO is, as expected, strongly interacting with the Ni-Au SAAs. Although CO molecules appear as depressions in the large-area images, small-area images (e.g. Figure 4e inset) reveal that each depression contains a small protrusion in the center.
The Ni-Au SAA interaction is sufficiently strong such that CO remains even after annealing to Ni-Au SAA, and on top of subsurface Ni in Au(111). The adsorption energy of CO is defined as the difference between the total energy of the CO adsorbed slab and the sum of the total energies of the clean slab and gas phase CO.
Conclusion
In conclusion, we have demonstrated a range of preparations of Ni-Au SAAs in the surface of Au(111) by tuning the substrate temperature during Ni physical vapor deposition. By raising the substrate temperature above 550 K during deposition, predominantly SAA Ni-Au surfaces can be produced. The SAA formation is the result of higher Ni adatom diffusion and substitution rates at elevated temperatures, yielding both increased surface substitution and degradation of the Ni islands formed at lower temperature. Combined STM analysis and DFT image simulation reveal that the depressions observed at high temperature reflect isolated single Ni atoms alloyed into the top layer of Au(111). Finally, we examined the adsorption and desorption of CO onto the Ni-Au SAAs, finding that there is a significant enhancement of the molecule-substrate interaction. Mostly interestingly our DFT calculations reveal that single atoms on Ni in Au bind CO as strongly as Ni(111). Therefore, Ni-Au SAAs may significantly increase the surface activity of Au(111) and future work is aimed at interrogating the surface reactivity of this alloy using temperature programmed reactions.
